Six genes are widely expressed during vertebrate embryogenesis, suggesting that they are implicated in diverse differentiation processes. To determine the functions of the Six1 gene, we constructed Six1-deficient mice by replacing its first exon by the b-galactosidase gene. We have previously shown that mice lacking Six1 die at birth due to thoracic skeletal defects and severe muscle hypoplasia affecting most of the body muscles. Here, we report that Six1 2/2 neonates also lack a kidney and thymus, as well as displaying a strong disorganisation of craniofacial structures, namely the inner ear, the nasal cavity, the craniofacial skeleton, and the lacrimal and parotid glands. These organ defects can be correlated with Six1 expression in the embryonic primordium structures as revealed by X-Gal staining at different stages of embryogenesis. Thus, the fetal abnormalities of Six1 2/2 mice appear to result from the absence of the Six1 homeoprotein during early stages of organogenesis. Interestingly, these Six1 defects are very similar to phenotypes caused by mutations of Eya1, which are responsible for the BOR syndrome in humans. Close comparison of Six1 and Eya1 deficient mice strongly suggests a functional link between these two factors. Pax gene mutations also lead to comparable phenotypes, suggesting that a regulatory network including the Pax, Six and Eya genes is required for several types of organogenesis in mammals. q
Introduction
Members of the Six gene family are expressed in various tissues during ontogenesis and are hypothesized to play important roles in morphogenesis, organogenesis and cell differentiation. The murine Six genes have been identified on the basis of sequence homology with Drosophila sine oculis (so) gene and consist of six members, which all contain a Six-domain and a Six-type homeodomain, both being needed for specific DNA binding and cooperative interactions with co-factors (Jean et al., 1999; Kawakami et al., 1996a,b; Oliver et al., 1995a,b) .
In Drosophila, so acts within a network of genes including eyeless (Pax family), eyes absent (Eya family) and dachshund (Dach family) to trigger compound eye organogenesis. As Pax6, Six3, Optix2/Six6, Eya1 and Eya2 genes are expressed during eye development in mice, it appears that at least some aspects of the regulatory complex operating in Drosophila are also conserved in vertebrate eye patterning, despite large differences in eye morphology and the mode of development between these two species (Chow and Lang, 2001; Halder et al., 1995; Lagutin et al., 2003) . In addition, the fact that members of the Pax, Six, Eya and Dach gene families display wide overlapping expression patterns in vertebrate embryos, raises the possibility that the Pax/Six/Eya/Dach network may play important roles in other developmental contexts. In particular, we have previously demonstrated that Six1 is required for myogenic differentiation and muscle patterning, and is required at a later time point than Pax3 during limb muscle differentiation (Laclef et al., 2003) . It has also been reported that Six1, Eya2, and Dach2 synergistically regulate myogenesis in chicken somite explants (Heanue et al., 1999) . Thus, some aspects of the Pax/Six/Eya/Dach regulatory network appear conserved to control skeletal muscle development in vertebrates.
Based on their expression patterns and the conservation of critical protein motifs during evolution (Pignoni et al., 1997) , it has been postulated that Six, Eya and Pax genes might work in a concerted fashion in the formation of a number of other tissues (Chi and Epstein, 2002; Kawakami et al., 2000; Xu et al., 1999a Xu et al., , 1997a Xu et al., ,b, 1999b . In this regard, Six1, Six4 and Six5 show remarkably overlapping patterns of expression (Esteve and Bovolenta, 1999; Klesert et al., 2000; Oliver et al., 1995b; Ozaki et al., 2001 ) (J.D. unpublished data). In addition to their presence in myogenic derivatives, all are co-expressed in otic and nasal placodes, branchial arches, Rathke's pouch, head mesenchyme, dorsal root ganglia, cranial proximal ganglia and connective tissue precursor cells (Oliver et al., 1995b; Ozaki et al., 2001) . These three genes nevertheless show specific expression territories: Six4 and Six5 are expressed in the developing eye, Six5 is expressed in telencephalon, and Six1 is expressed in the nephrogenic cord along with Six2. Eya genes are also widely expressed during mouse development (Borsani et al., 1999; Xu et al., 1997b) and functional invalidation of Eya1 in the mouse revealed the crucial role of this gene during ear and kidney development as well as for thymus, thyroid and parathyroid organogenesis (Xu et al., 1999a (Xu et al., , 2002 . Pax genes also display dynamic expression patterns during ontogenesis in a large variety of tissues, where Six and Eya genes are expressed, and mutant phenotypes correlate very well with the expression patterns of the mutated genes (Chi and Epstein, 2002; Mansouri et al., 1996) .
It has thus become clear that during evolution, efficient molecular mechanisms are used over and over again to achieve various patterning tasks. Moreover, it is not unusual for genes to play different roles at different places and times during development. In this report we demonstrate that, in addition to its myogenic function, Six1 is also required for kidney, thymus, inner ear, nose, lacrimal and salivary gland organogenesis. These organ defects are correlated with Six1 expression in embryonic primordium structures, and result from the absence of the Six1 homeoprotein during the early stages of organogenesis. Furthermore, these phenotypes are reminiscent of those previously described for Eya1 and Pax mutants, suggesting a functional link between these factors in mammalian organogenesis.
Results

Expression of Six1 in different lineages during embryogenesis
The LacZ reporter gene was inserted at the Six1 locus to mirror the pattern of Six1 gene expression in heterozygous embryos ( Figs. 1 and 2) . From E8.0 dpc (the earliest stage analysed) X-Gal staining shows that Six1 is expressed in somites, cranial mesenchyme and branchial arches ( Fig. 1A and B). Concerning Six1 expression in the myogenic lineage we observed that whereas Six1 expression is restricted to the lateral part of the presomitic mesoderm (Fig. 1F) , the newly formed somites are homogenously stained at E9.5 dpc (Fig. 1C, E) . In more mature somites, Six1 is expressed in both myotome and dermomyotome (Figs. 1D, 2G -H) , and particularly in the dorsal lip of the latter (Fig. 2C, H) as well as the ventro-lateral extension of interlimb somites (Fig. 2H) . From E10.5 dpc, blue Six1-expressing cells begin to invade the limb buds from adjacent somites (Fig. 1G, I , and J asterisk). At E12.5, the b-galactosidase staining in the limb buds shows a characteristic pattern (Figs. 1K, 2I ) and appears to be clearly separated from adjacent somite staining. Two different regions can be distinguished at the forelimb level: an anterior part where blue Six1-expressing cells appear restricted to the proximal region, and a posterior limb margin where blue Six1-expressing cells extend more distally (Fig. 1K ). While cells of the anterior part stem from somites and are myogenic progenitors, cells of the posterior part originate from the lateral mesoderm and represent precursors of tendons and connective tissue (Oliver et al., 1995b) . Transverse sections at the forelimb ( Fig. 2I ) and interlimb ( Fig. 2J ) level reveal Six1 expression in dorsal and ventral specific regions of the limb as well as in the lateral extension of the dermomyotome at the interlimb level. Six1 expression in muscles persists throughout myogenesis and into the adult period ( Fig. 2K -L) .
In addition, from E9.5 dpc Six1 is also strongly expressed in branchial arches (Fig. 1D, G) (Xu et al., 2002) , in the nasal placode (Fig. 1C , E, G), the otic vesicle (Figs. 1C -D, 2B, F), the Rathke's pouch ( Fig. 2A ) and the nephrogenic chord (Figs. 1E, 2C -D) . Expression of Six1 in these structures continues throughout embryogenesis. As of E10.5 dpc, in addition to the previously described regions, Six1 is also expressed in dorsal root ganglia (DRG) (Fig. 1D , G-J) and proximal cranial ganglia (Fig. 1H) .
Thus, Six1 is widely expressed during mouse embryogenesis, not only in the muscle lineage, but also in sensory structures which will give rise to olfactory and statoacoustic organs, as well as in the cranial and dorsal ganglia. Six1 is also expressed in Rathke's pouch from which the pituitary gland originates, and in the branchial arches which give rise to head muscles, the facial skeleton, cranial nerves, the thymus, thyroid and parathyroid glands. Thus, X-Gal staining of embryos at different stages recapitulates the Six1 gene expression pattern previously described (Oliver et al., 1995b) , showing that insertion of the LacZ-PGK neo cassette does not disturb regulation of the Six1 locus.
This broad expression pattern of Six1 suggests that it may participate in multiple differentiation processes, involved in development of stato-acoustic organs, branchial arch derivatives, cranial and dorsal ganglia, the pituitary gland, gonads and the kidney. In keeping with the above findings, systematic studies of Six1 2/2 newborns revealed extensive disorganisation of the inner ear and nasal cavity. Furthermore, the thymus and kidney are absent in these animals. Table 1 reports the various defects found in Six1 2/2 newborns together with the different territories expressing Six1 during embryonic development, and illustrates a correlation between most of the malformations and the absence of the Six1 homeoprotein in corresponding precursor territories during earlier stages of development.
Head skeletal malformations in Six1
2/2 fetuses Six1 2/2 newborns are easily recognized at birth due to their abnormal external morphology (Laclef et al., 2003) . This lateral staining is not detected at other embryonic stages. G. At E10.5 dpc, multiple structures are stained: head mesenchyme, otic placode, nasal placode, DRG (arrowhead), somites and cells invading the limb bud (*). H -J. Details of E10.5 embryos at occipital (H), forelimb bud (I) and hindlimb bud (J) levels: cranial ganglia (double arrowhead), DRG (arrowhead), limb buds (asterisk) and somites (arrows indicate central myotome, dorsal lip and ventral extension of the dermomyotome) are strongly stained. K. At E12.5 dpc, X-gal staining in the forelimb bud presents a characteristic pattern: the posterior distally extended area corresponds to precursor cells of tendons and connective tissue, whereas the anterior area corresponds to myogenic precursors (Oliver et al., 1995a,b and following data); DRG and cranial ganglions (double arrowhead) are stained, note also the specific staining of interlimb somites (arrow).
This finding suggested that absence of Six1 could lead to skeletal malformations. We thus performed skeletal Alcian Blue and Alizarin Red staining on E18.5 Six1 2/2 fetuses. We found that the cranio-facial skeleton is severely affected: while frontal and nasal bones are properly aligned in the wild type, these skull bones form an obtuse angle in Six1 2/2 mice ( Fig. 3A and B) . Moreover, the zygomatic, maxillary and mandibular bones are shorter in Six1 2/2 than in wild type animals. Meckel's cartilage is also rudimentary in Six1 2/2 fetuses, as well as the styloid process ( Fig. 3A  and B ) and the greater horns of the hyoid bone ( Fig. 3C and D), which originate from neural crest cells of the first, second and third branchial arches, respectively. Thus, Six1 seems to be required for normal neural crest development and skull formation. Nevertheless, cartilage differentiation as well as endochondral and membranous ossification occur correctly in many territories, indicating that Six1 is not needed for the skeletal differentiation process in general, but rather for local control of cartilage and bone morphogenesis.
Six1 is required for inner ear development
In Six1 2/2 fetuses the external and middle ears are accurately shaped, but serial sections reveal a striking degree of disorganisation at the inner ear level (Fig. 4) . In this regard, the semicircular ducts and the cochlear duct present in Six1 þ/2 fetuses are unrecognisable in Six1 2/2 fetuses ( Fig. 4A and B). Nevertheless, a persistent cavity is present that may represent a residual semi-circular canal on the basis of its histological appearance ( Fig. 4C and D). It should be noted that the ear has a composite embryonic origin. Thus, the external and middle ears arise from the first and second pharyngeal arches, while the inner ear develops from the epidermal otic placode. It is noteworthy that Six1 is strongly expressed in the otic placode from early stages (11 somites) and that following invagination of the otic placode, Six1 expression is restricted to the ventral part of the otic vesicle, which ultimately gives rise to the membranous labyrinth of the inner ear as well as the statoacoustic ganglion. Whereas at E11.5 dpc the development of the otic vesicle seems to be correctly initiated ( Fig. 4E and F) , at E13.5 dpc the otic vesicle appears severely reduced in Six1 2/2 embryos ( Fig. 4G -J) . However, the trigeminal ganglia (V) and the otic ganglia (IX) appear correctly developed in Six1 2/2 embryos at this stage ( Fig. 4G -H ) and later on (data not shown).
The otic vesicle is necessary to induce chondrogenesis in the head mesenchyme surrounding the membranous labyrinth, and the shape of the vesicle controls the morphogenesis of the cartilaginous otic capsule (Baker and Bronner-Fraser, 2001 ). The absence of Six1 homeoprotein in the otic vesicle could thus lead to a loss of inductive signalling required for proper otic capsule morphogenesis. As Six1 is also expressed in head mesenchyme surrounding the otic vesicle and at later stages in cartilaginous cells of the otic placodes, it is conceivable that the absence of Six1 in these cells is responsible for cartilage malformations.
Six1 is required for nasal development
At E18.5 dpc, transversal and sagital sections at the level of the head reveal that Six1 is strongly expressed in the olfactory epithelium (Fig. 5 ). This expression is maintained in Six1 2/2 fetuses, but their nasal cavity is not reticulated as in the Six1 þ/2 fetus, indicating that chonchae have failed to form ( Fig. 5A -D) . Moreover, the olfactory epithelium of Six1 þ/2 fetuses is subdivided into a superficial layer, which strongly expresses Six1 and is correctly developed in Six1 2/2 fetuses, and a deep layer that in contrast is missing in Six1 2/2 fetuses. However, the underlying mesenchymal lamina propria and the cartilage anlagen appear to be correctly differentiated (Fig. 5E and F) .
During nasal development, the olfactory epithelium is required for the induction of neural crest-derived cartilaginous nasal capsule formation (Baker and Bronner-Fraser, 2001 ). Six1 is expressed in the nasal placode at E9.5 dpc (27 somites) while the olfactive cavity is severely disorganized in E18.5 Six1 2/2 fetuses. This suggests that the craniofacial defects affecting frontal bone and nasal cartilages could be the consequence of the absence of the Six1 homeoprotein in the nasal placode.
2.5. Six1 is required for the development of lacrimal, parotid and submandibular glands X-gal staining of E18.5 fetuses reveals a severe disorganization of the lacrimal glands and the absence of the parotid glands in Six1 2/2 fetuses (Fig. 6) . The lacrimal glands are reduced and localized close to the eye in Six1 2/2 animals, as if the lacrimal ducts failed to elongate posteriorly. In contrast, the parotid glands are missing in Six1 2/2 mice, but the parotid ducts seem correctly elongated. The submandibular glands are reduced in Six1 2/2 fetuses as revealed by whole-mount staining (Fig. 7A, B, I-J) . However, the histological structure of the submandibular gland acini appears normal (Fig. 7E -H) .
The lacrimal gland produces the tear fluid that lubricates the cornea and is functionally distinct from the parotid and submandibular glands, which produce saliva for the oral cavity. Nevertheless, the lacrimal, parotid and submandibular glands have the same embryonic origin, since they develop from an invagination of the ectoderm. Development of these glands constitutes examples of epithelialmesenchymal interactions. As, Six1 is widely expressed in head mesenchyme during early stages of embryogenesis ( Fig. 1 and data not shown) and in the cells that constitute the tubular ducts of these glands (Figs. 6 and 7), the defects observed can result from absence of Six1 in both type of cells.
Six1 is required for thymus organogenesis
Serial sagital sections 250 mm apart revealed that Six1 2/2 fetuses are devoid of the thymus. In Six1
fetuses, blue Six1-expressing cells appear dispersed within the thymic cortex and medulla ( Fig. 8A -C) . The thymus is normally derived from the third pharyngeal pouch and has a mixed ecto -endodermal origin. Thus, the requirement of Six1 expression in the branchial pouches ( Fig. 1 and Xu et al., 2002) can be correlated with the absence of a thymus in Six1 2/2 fetuses.
Six1 is required for kidney development
Serial sections also revealed that Six1 2/2 fetuses have no kidneys, despite the fact that Six1 is never detected in the definitive kidney (Fig. 9B, E) . The metanephric kidney is normally derived from the ureteric bud that sprouts from the sacral portion of the mesonephric duct and penetrates a portion of the sacral intermediate mesoderm called the metanephric blastema, where it begins to bifurcate. The ureteric bud and metanephric blastema exert reciprocal inductive effects (Kuure et al., 2000) . At E13.5 dpc, Six1 2/2 embryos display renal agenesis (Fig. 9A, B ) that may be due to defects of either ureteric bud sprouting or metanephric blastema differentiation. Although Six1 is expressed in the mesonephric duct from E9.5 dpc (Fig. 1E) , and is found in mesonephric tubule at E10.5 (Fig. 2C, D) , we exclude a defect of mesonephros differentiation at these stages because the somatic gonads, which also originate from the mesonephric duct, appear correctly developed in E13.5 Six1 2/2 embryos (Fig. 9C, D) . It has been recently shown in human embryos that Six1 is expressed in the metanephric blastema, which is directly apposed to the ureteric bud-derived epithelium (Li et al., 2002) . Thus, we postulate that the renal agenesis in Six1 2/2 mice results from the absence of Six1 homeoprotein in the metanephric blastema.
Six1-expressing tissues are not all altered in Six1
2/2 mice Six1 is strongly expressed in the pituitary gland (Fig. 7A -D) and in Rathke's pouch at early stages of development ( Fig. 2A) . However, no histological alteration of the pituitary has been found in Six1 2/2 mice, either in E13.5 embryos (Fig. 4G -H, K -L) , or in E18.5 fetuses (Fig. 7C -D) . It has been reported by other investigators that Six3, Six4 and Six6 genes are expressed during pituitary development (Jean et al., 1999; Ozaki et al., 2001; Treier et al., 1998) . It is thus possible that Six3, Six4 and/or Six6 play redundant roles, which compensate for the absence of Six1 during pituitary gland development in Six1 2/2 mice. However, because we have not analysed pituitary genetic markers, we cannot exclude some endocrine defects due to Six1 absence. Other Six1-positive tissues, such as neural retina, mesenchymal cells surrounding the vibrissae follicle, cranial and dorsal ganglia, also appear to be correctly developed in Six1 2/2 newborn (data not shown). Here again, we speculate that a functional redundancy with other Six genes could explain the correct development of these organs despite the absence of Six1.
Discussion
We have shown that in mouse Six1 is required for the correct development of the kidney, thymus, inner ear, nose, lacrimal and salivary glands, as well as for muscle differentiation. In human, deletions of the 14q22.1q22.3 locus, which includes Six6, Six1 and Six4 genes, are associated with multiple developmental defects including micrognathia and asymmetric absence of the auditory canal (Bennett et al., 1991; Gallardo et al., 1999; Lemyre et al., 1998) . As the Six6 gene is only expressed in the optic primordium and in the developing pituitary (Jean et al., 1999) , it is thus possible that haploinsufficiency of Six1 and Six4 genes is responsible for some aspects of the human pathology.
In this study, we further compare and discuss the phenotype of the Six1 mutant with the phenotypes of mutants for Pax and Eya genes. Members of the Pax and . In contrast, the teeth primordium (Tp) and the vibrissae follicules (Vi) are correctly developed, surrounded by dispersed blue Six1-expressing mesenchymal cells. C, D. Sagital sections show the absence of transverse reticulations of the nasal cavity (Na) and the reduced tongue (Tg) in Six1 2/2 fetuses (C). Boxes indicate the regions enlarged in E and F. E-F. Enlargements showing that the nasal epithelium (Ep) is strikingly reduced in Six1 2/2 fetuses (E). The large and short bars are the same size in E and F and point out the comparable extension size of the blue superficial part of the epithelium, while the subjacent layer is missing. In contrast, the surrounding mesenchyme (Me) and cartilage (Ca) appear correctly developed. fetuses. Whole mount Six1 expression was established by X-gal staining of E18.5 fetuses. A, B. Six1 2/2 fetuses display a reduced lacrimal gland (La) and lack the parotid glands (*). C, D. In Six1 þ/2 fetuses, the lacrimal gland (La) and the lacrimal duct (arrowhead) as well as the parotid gland (Pa) and the parotid duct (double arrowhead) are strongly stained.
Eya families have been reported to be required during differentiation of all the organs affected in Six1 2/2 mutants, suggesting that specific combinations of Pax, Six and Eya genes could be required to control different types of organogenesis.
Six1 and Pax3 participate in muscle differentiation
It has been proposed that Pax3, Six1, Eya2 and Dach2 genes, which are co-expressed in chick somites, synergistically control some initial steps of the myogenic differentiation process (Heanue et al., 1999; Relaix and Buckingham, 1999) . The related muscles affected in Six1 2/2 mice and in the Splotch mutant constitute a new result supporting the idea that Pax3 and Six1 genes could be implicated in coordinated functions during myogenesis (Laclef et al., 2003) . Thus far no muscle defects have been reported in mice with either Eya1 (Xu et al., 1999a) or Dach1 gene disruptions (Davis et al., 2001) . Nevertheless, Eya1 deficient mice display severe inner ear disorganisation, kidney agenesis (Xu et al., 1999a ) and a lack of organs derived from the branchial arches such as the thymus (Xu et al., 2002) .
Six1, Eya1 and Pax2 participate in inner ear and kidney development
Similar inner ear and kidney defects have been described in mice lacking Six1, Eya1 and Pax2. In Eya1 mutant mice the otic vesicle forms but fails to develop normally, leading to the lack of both cochlear and vestibular differentiation together with the absence of facioacoustic and petrosal ganglia (Xu et al., 1999a) . In these mice, Six1, but not Pax2, is downregulated in the otic vesicle at E9.5 dpc, suggesting that a Pax-Eya-Six regulatory network is required for inner ear development (Xu et al., 1999a) . Moreover, Eya1 deficient mice reproduce the branchio-oto-renal (BOR) syndrome associated with haploinsufficiency of the human Eya1 gene (Abdelhak et al., 1997) . Likewise, Pax2 deficient mice also display severe inner ear defects such as agenesis of the cochlea and the spinal ganglion involved in auditory function (Torres et al., 1996) . Pax2 deficient mice constitute the animal model for human renal-coloboma syndrome, which is caused by haploinsufficiency of the human Pax2 gene (Eccles and Schimmenti, 1999) . As with Six1 deficient mice, both pathologies include renal defects in addition to inner ear malformations.
Pax2 and Eya1 are involved in inducing the ureteric bud outgrowth (Torres et al., 1995; Xu et al., 1999a) . Pax2 deficient mice display severe urogenital defects, including absence of kidney, ureter and genital organs (Torres et al., 1995) , while Eya1 deficient mice have no kidney (Xu et al., 1999a) . Moreover, in the Eya1 null mutant, the Six2 gene is no longer expressed, while Pax2 expression persists, further suggesting the conservation of a Pax-Eya-Six regulatory network for kidney organogenesis in mammals.
3.3. Six1, Eya1, Pax1 and Pax9 participate in thymus organogenesis and in skeletal morphogenesis
It has been shown that in Eya1 deficient mice, which also lack a thymus, Six1 expression is markedly reduced in ectodermal and endodermal layers of branchial arches (Xu et al., 2002) . Pax1 and Pax9 genes have also been implicated in the development of the thymus. Hence, Pax9 inactivation in mice leads to absence of the thymus, parathyroid and ultimobranchial bodies (Peters et al., 1998) , while a Pax1 null mutation leads to thymic hypoplasia along with altered thymocyte maturation (Wallin et al., 1996) . Therefore, Six1 as well as Eya1, Pax1 and Pax9 play an essential role in normal thymus organogenesis.
The craniofacial skeletal malformations described in Six1 deficient mice are reminiscent of those previously described in Pax9 mutant mice where the tympanic ring, hyoid bone and Reichert's cartilage are all malformed (Peters et al., 1998) . Furthermore, the functional invalidation of Eya1 also leads to malformations of the skull bones and other elements of the craniofacial skeleton (Xu et al., 1999a (Xu et al., , 2002 .
Six1 and Pax6 participate in nose, lacrimal and submandibular glands development
During early development of the olfactory placode several Pax (Pax6), Six (Six1, Six3, Six4, Six6) and Eya (Eya1, Eya2) genes are co-expressed (Wawersik and Maas, 2000) . Mice mutant for the Pax6 gene, in addition to the Small eye phenotype, display a nasal disorganization, and it has been shown in such mice that Eya1 and Eya2 genes are downregulated in both olfactory and optic placodes (Xu et al., 1997b) . Our data indicate that Six1, like Pax6, plays a crucial role in nasal differentiation, but in contrast to Pax6, Six1 is apparently not required for eye development. Interestingly, the Pax6 mutant also lacks the lacrimal glands (Makarenkova et al., 2000) and displays abnormal submandibular glands (Jaskoll et al., 2002) . Thus Pax6 might be functionally linked to Six1 for the differentiation of these glands. Once again it appears that some aspects of the regulatory network involving Pax, Six and Eya genes might be conserved and recruited in order to trigger olfactive organ differentiation and lacrimal gland development.
Finally, it seems that Pax, Six, Eya and Dach genes have appeared early during phylogenesis. It is quite conceivable that these factors constituted an efficient regulatory mechanism in the common ancestor of insects and vertebrates, which through duplication events and divergence of these duplicated genes during evolution have led to different combinations of Pax, Six, Eya and Dach gene involvement in the differentiation of multiple organs.
Materials and methods
X-gal staining of mouse embryos
To obtain the Six1-null mutation, we inserted the b-galactosidase gene in place of the first coding exon of the Six1 gene (Laclef et al., 2003) . Embryos were staged, counting the appearance of the vaginal plug as day 0.5 post coïtum (dpc). Embryos were dissected in PBS, fixed in 4% paraformaldehyde (PFA) for 3 h at 4 8C, washed twice in PBS, and then stained at 37 8C in X-gal staining solution (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) in 1 mg/ml X-Gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 and 2 mM MgCl 2 in PBS). Genotyping of the embryos was carried out by Southern blot analysis using DNA extracted from the yolk sac. Stained embryos were dehydrated using increasing concentrations of ethanol, cleared in xylene, and embedded in paraffin. Transverse sections (10 -20 mm thickness) were dewaxed in xylene and mounted in Eukitt.
Whole-mount skeletal staining
E18.5 fetuses were quickly boiled, skinned and eviscerated prior to fixation. Embryos were fixed in 95% ethanol for 3 days, and then placed for 24 h in Alcian Blue solution (15 mg Alcian Blue 8GX (SIGMA) in 80 ml ethanol 95% and 20 ml glacial acetic acid) at 4 8C for cartilage staining. Embryos were rinsed twice in 95% ethanol and placed 2 days in 95% ethanol, prior being cleared in 1% KOH for 2 h at 4 8C, and counterstained with Alizarin Red solution (5 mg Alizarin Red (SIGMA) in 100 ml of 1% KOH) 3 h at 4 8C for bone staining. Embryo clearing was completed in the following ratios of 1% KOH to glycerol: 80:20, 60:40, 40:60, 20:80. 
Histology and immunohistochemistry
E18.5 fetuses were snap frozen in isopentane (2 30 8C) cooled in liquid nitrogen. 14 mm cryostat sections were fixed 5 min in formaldehyde 1% (PBS 1X; 5 mM EGTA; 2 mM MgCl 2 ; 0,02% NP40), incubated in X-gal staining solution at 37 8C overnight, and then counterstained with eosin, quickly dehydrated and mounted in Eukitt. The rate of cell proliferation was tested by BrdU incorporation. Pregnant females were injected intraperitoneally with 50 mg BrdU (Boehringer) per gram of body weight in PBS. Animals were killed after 2 h, and embryos isolated, fixed, and embedded in paraffin. Sections were incubated 30 min in 2N HCl and BrdU-positive cells were detected by an anti-BrdU monoclonal antibody (DAKO) according to the protocol of the manufacturer of the Kit DAKO ARK.
